Background {#Sec1}
==========

Understanding the nature of human behavior and its genetic underpinnings is a crucial issue in neuropsychology and evolutionary genetics. High cognitive and social abilities in humans, as represented by language, empathy, and altruism, are considered unique to our species. Brain neurochemicals such as serotonin and dopamine are known to underlie many important cognitive and emotional functions \[[@CR1]--[@CR4]\]. A recently proposed neurochemical hypothesis suggests that humans possess a dopamine-dominated striatum, i.e., a striatum with an elevated level of dopamine and a reduced level of acetylcholine that reflects our externally motivated behaviors \[[@CR5]--[@CR8]\]. Although monoamine neurotransmitters are produced in relatively few neurons in small areas of the brainstem, they are released widely and diffuse throughout the cerebral cortex \[[@CR9]\]. Monoaminergic neurotransmitter systems have been implicated in various psychiatric disorders including depression, schizophrenia, attention-deficit hyperactivity disorder, and autism spectrum disorders \[[@CR10]--[@CR13]\]. As a result, regulatory monoaminergic pathways in the central nervous system have become targets for psychopharmacological interventions \[[@CR14], [@CR15]\].

The evolutionary origin of monoaminergic systems is thought to date back at least 600 million years to the stem metazoan (i.e., the common ancestor of Cnidaria and Bilateria) \[[@CR16]--[@CR19]\]. Social behavior regulated by monoaminergic systems is evolutionarily conserved in both vertebrates and invertebrates \[[@CR20]\], suggesting that flexible behavioral control toward various environmental stimuli via monoamine neurotransmitters is advantageous for the survival of a wide range of taxa. Genetic differentiation in monoaminergic neuronal systems has been reported in several groups---especially among primates---and could be linked to the evolution of diverse emotional and/or social behaviors \[[@CR21]--[@CR28]\].

We previously showed that the vesicular monoamine transporter 1 (VMAT1; encoded by solute carrier family member A1 \[*SLC18A1*\]) was subject to positive selection in the human lineage \[[@CR29]\]. *VMAT1* has evolved with two human-specific amino acid substitutions (from Glu to Gly at the 130th site and Asn to Thr at the 136th site). A new variant, namely 136Ile, emerged around the time of the Out-of-Africa (OoA) migration of modern humans and has achieved intermediate frequencies in non-African populations (20--61%). Since then, the Thr136Ile variant has been maintained through balancing selection in non-African populations \[[@CR29]\]. To the best of our knowledge, 130Glu and 136Asn have not been reported in modern and/or archaic human populations.

The SLC18 family is a part of the major facilitator superfamily (MFS), the largest family of secondary active membrane transporters, whose members transport various substrates \[[@CR30]\]. Within this family, VMATs are responsible for the accumulation of monoamines in synaptic vesicles. VMAT1 was initially thought to be expressed mainly in neurons of the peripheral nervous system and chromaffin cells, while the isoform, VMAT2, was thought to be expressed primarily in the brain \[[@CR31], [@CR32]\]. However, there is accumulating evidence that VMAT1 is also expressed in the brain where it plays important roles \[[@CR33]--[@CR35]\]. Genetic variants of *VMAT1* have been implicated in schizophrenia, bipolar disorders, autism, anxiety, depression, and neuroticism \[[@CR34], [@CR36]--[@CR39]\], suggesting that VMAT1 plays an important role in the evolution of psychiatric disorders and emotional behavior. While variants in other genes involved in monoaminergic system are well studied (e.g., serotonin transporter \[[@CR40], [@CR41]\]; D4 dopamine receptor \[[@CR42]\]; monoamine oxidase A \[[@CR43]\]), genetic variants of *VMAT1* have only started to receive attention in recent years. Moreover, many studies have examined genetic variation in plasma membrane transporters (serotonin, noradrenaline, and dopamine transporters), which are involved in synaptic neurotransmitter reuptake and contribute to the duration of signaling. In contrast, VMATs can contribute to the magnitude of signaling and may be more closely linked to mechanisms regulating synaptic neurotransmitter release \[[@CR44]\].

It is highly likely that the two human-specific amino acid substitutions (Glu to Gly at the 130th site and Asn to Thr or Ile at the 136th site) affect the monoamine uptake efficiency of VMAT1 as these sites belong to the first luminal loop domain, which is considered a putative receptor-like structure that is crucial for the transport of monoamines mediated by G-proteins \[[@CR45], [@CR46]\]. In fact, at one of the two sites (Thr136Ile polymorphism, rs1390938), 136Thr shows lower monoamine transport into presynaptic vesicles than 136Ile \[[@CR44], [@CR46]\], which could relate to higher levels of anxiety, neuroticism and/or psychiatric disorders in 136Thr variant carriers \[[@CR34], [@CR38], [@CR39]\]. Taken together, these findings suggest that the monoamine uptake efficiency of VMAT1 significantly influences neurotic personality traits and psychiatric disorders.

Based on previous findings of a relationship between the positively selected 136Thr variant and greater anxiety, we hypothesize that the two human-specific substitutions of VMAT1 have led to more anxious and depressed human minds over the course of evolution from ancestral primates to modern humans, until the new "*hyperfunction allele*" (136Ile) \[[@CR44]\] with less psychiatric phenotypes emerged. Additionally, Inoue-Murayama et al. (2001) speculated that anxiety has been favored throughout human evolution from interspecific comparison of serotonin transporter variants \[[@CR23]\]. In this study, we assessed differences in neurotransmitter uptake among all *VMAT1* genotypes at the two sites (Glu130Gly and Asn136Thr/Ile) that possibly arose during the course of human evolution using recently developed fluorescent false neurotransmitters (FFNs) \[[@CR47], [@CR48]\] in vitro. FFNs are newly developed fluorescent substrates that target VMATs to visualize the neurotransmitters contained in synaptic vesicles \[[@CR47]\]. FFN206 was further developed for the uptake assay to measure the activity of VMATs in cultured cells \[[@CR48]\]. FFN206 is effectively uptaken into intracellular acidic vesicles in VMAT2-expressing HEK293 cells and the extent of its uptake can be quantified by fluorometric measurement \[[@CR48]\]. In the present study, we conducted an FFN206 uptake assay to measure VMAT1 activity and compared the uptake among its variants. We predict that the human variant 130Gly/136Thr shows lower monoamine uptake than the ancestral non-human variant 130Glu/136Asn, which may support the hypothesis that higher anxiety and neuroticism were initially favored during human evolution.

Results {#Sec2}
=======

The sequence alignments and predicted structure of VMAT1 are shown in Fig. [1](#Fig1){ref-type="fig"}. Structure analysis showed that the 130th and 136th residues were located at the end of the loop domain between the first and second transmembrane regions (Fig. [1](#Fig1){ref-type="fig"}b), which is consistent with previous reports \[[@CR44], [@CR46]\]. Fig. 1Amino acid sequence and protein structure of VMAT1. **a** Sequence alignments of VMAT1 among mammalian species show that the two conserved residues (highlighted in red) have changed specifically in humans. **b** Structure analysis shows that the 130th and 136th residues (highlighted in red) are located at the end of the loop domain between the first (highlighted in blue) and second (highlighted in yellow) transmembrane regions, as previously predicted. The side chains of the residues of interest are displayed in enlarged boxes

To assess the efficiency of neurotransmitter uptake of the VMAT1 protein among its variants in human cells, we constructed an expression vector encoding YFP-tagged VMAT1 and generated a construct corresponding to each ancestral and derived genotype by site-directed mutagenesis. We carried out immunoblot analyses in HEK293T cell lysates and obtained the major immunoreactive bands of all YFP-VMAT1 variants at nearly 80 kDa, which is consistent with the putative molecular weight of the YFP-VMAT1 fusion protein (Fig. [2](#Fig2){ref-type="fig"}, Additional file [1](#MOESM1){ref-type="media"}: Figure S1a and b). We also obtained several upper bands of these lysates, likely due to post-translational glycosylation, as previously reported \[[@CR49]\]. Densitometric analyses of YFP-VMAT1 immunoblots indicated that there was no significant difference in the level of protein expression among each YFP-VMAT1 variant (Additional file [1](#MOESM1){ref-type="media"}: Figure S1b and c). Taken together, these results confirm that all YFP-VMAT1 variants are properly expressed in HEK293T cells at comparable levels. Fig. 2Western blotting for YFP-VMAT1 and its variants. Cells were transfected with plasmids encoding YFP, YFP-VMAT1, or its variants. Cells without transfection (no transfection) were also prepared (lane 1). Cell lysates were analyzed by immunoblotting with anti-GFP, anti-VMAT1, and anti-α-tubulin antibodies. Immunoblotting of α-tubulin is shown as a loading control. The major immunoreactive bands of GFP and VMAT1 at nearly 80 kDa are consistent with the putative molecular weight of the YFP-VMAT1 fusion protein. The full-length blots for all cropped ones are shown in (Additional file [1](#MOESM1){ref-type="media"}: Figure S1a)

To investigate the effect of VMAT1 variants on neurotransmitter uptake, we performed FFN206 uptake assays in YFP-VMAT1-expressing HEK293T cells. HEK293T cells transfected with YFP or YFP-VMAT1 were incubated with FFN206, washed with PBS, and then imaged by YFP and FFN206 fluorescence (Fig. [3](#Fig3){ref-type="fig"}). We measured the fluorescence intensity of YFP and FFN206 and calculated the relative intensity of FFN206 by dividing its raw intensity by that of YFP to cancel the variation of YFP-VMAT1 expression in each cell. Fig. 3Fluorescence microscopy images of YFP-VMAT1-expressing HEK293T cells. Cells were transfected with plasmids encoding YFP, YFP-VMAT1, or its variants, pre-treated in the presence or absence of reserpine, and then incubated with FFN206. Cells were imaged by DIC (gray), the fluorescence of YFP (yellow), and FFN206 (blue). The right panels are merged images of YFP and FFN206 fluorescence. Scale bar = 10 μm

Our quantification showed that the level of FFN206 uptake was significantly lower in mock YFP-expressing cells than in any YFP-VMAT1-expressing cells, despite much higher expression of mock YFP protein (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}, lanes 1--5 and 7). Treatment with reserpine, a non-selective inhibitor for VMATs, also significantly reduced FFN206 uptake in cells expressing YFP-VMAT1 130Gly/136Ile without affecting the expression level of YFP-VMAT1 (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}, lanes 5 and 6). The results of these control experiments suggest that FFN206 uptake mainly reflects the intact activity of ectopically expressed YFP-VMAT1 and indicates the validity of our uptake assay for measuring VMAT1 activity. Fig. 4Expression level and functional activity of YFP-VMAT1 variants. **a** Quantification of uptake of FFN206 measured by the fluorescence intensity of FFN206 normalized to that of YFP and (**b**) expression level of each variant in each cell measured by the fluorescence intensity of YFP. The fluorescent intensity is shown in fold change to that of cells expressing YFP-VMAT1 130Gly/136Ile (without reserpine). Control conditions are shown in white bars. Data are the mean ± SEM from five independent experiments. In each experiment, 200 (lane 1--5) or 100 (lane 6 and 7) cells were measured. After observing significant differences among variants by one-way ANOVA (*P* = 3.7 × 10^− 13^ and *P* = 3.6 × 10^− 13^ for FFN206 uptake and expression level, respectively), analyses of variance with Tukey's honestly significant difference (HSD) post-hoc tests were applied. Statistically significant differences (*P* \< 0.05) are indicated by different letters. Detailed data are shown in (Additional file [2](#MOESM2){ref-type="media"}, [3](#MOESM3){ref-type="media"}, [4](#MOESM4){ref-type="media"} and [5](#MOESM5){ref-type="media"}: Table S1--S4)

Next, we compared the level of FFN206 uptake among cells expressing each YFP-VMAT1 variant. Strikingly, our quantification revealed a significant difference in FFN206 uptake among them: 130Glu/136Asn, 130Glu/136Thr, and 130Gly/136Ile showed significantly higher levels of FFN206 uptake than 130Gly/136Asn and 130Gly/136Thr (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}a, lanes 1--5). Detailed data and *P*-values calculated by Tukey's honestly significant difference (HSD) are shown in (Additional files [2](#MOESM2){ref-type="media"}, [3](#MOESM3){ref-type="media"}, [4](#MOESM4){ref-type="media"} and [5](#MOESM5){ref-type="media"}: Tables S1--S4). These results suggest that the amino acid substitutions at the 130th and 136th sites affect the neurotransmitter uptake of VMAT1.

To rule out the possibility that these differences in FFN206 fluorescence intensity was affected by the expression level and localization of YFP-VMAT1, we compared the YFP fluorescence intensity and the localization of YFP-VMAT1 among its variants in each cell. Quantification of YFP fluorescence showed that there were no significant differences in the levels of YFP intensity in each cell (Fig. [4](#Fig4){ref-type="fig"}b, lanes 1--5). We observed that all the YFP-VMAT1 variants exhibited vesicular localization in the cytoplasm (Fig. [3](#Fig3){ref-type="fig"}), and no significant difference was seen in the density and the size of vesicles among YFP-VMAT1 variants (Additional file [6](#MOESM6){ref-type="media"}: Figure S2), suggesting that the variation in FFN206 uptake was neither affected by the variation in expression level nor by the localization pattern of YFP-VMAT1 protein among its variants.

Our FFN206 uptake assay revealed the variation in VMAT1 function among its variants. Our comparison among variants indicated that both 130Glu and 136Ile led to increased neurotransmitter uptake, for which 136Thr and 136Asn were comparable by contrast (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}a, lanes 1--5).

Discussion {#Sec3}
==========

Adopting an evolutionary perspective, the present study annotated the functional differences in neurotransmitter uptake of VMAT1 variants by fluorometric assay. The protein structure of VMAT1 showed that the amino acids at the 130th and 136th sites were located in the first luminal loop domain (Fig. [1](#Fig1){ref-type="fig"}b), which is known to be important for G-protein interactions that regulate VMAT1 activity \[[@CR45]\]. This implies that the substitutions of these sites may affect the monoamine uptake efficiency of VMAT1. To address this issue, we performed the fluorometric assay measuring VMAT1-mediated uptake of fluorescent neurotransmitter FFN206. Critically, our assay revealed significant differences in the extent of FFN206 uptake among VMAT1 variants (Fig. [4](#Fig4){ref-type="fig"}a) without any significant difference in expression level or intracellular localization within each cell (Fig. [4](#Fig4){ref-type="fig"}b, Additional file [1](#MOESM1){ref-type="media"}: Figure S1 and Additional file [6](#MOESM6){ref-type="media"}: Figure S2). These results are compatible with the structural property that the amino acid substitutions are likely to affect functional activity. Our negative-control experiment showed that the expression of mock YFP scarcely increased the uptake of FFN206, and reserpine, a non-selective inhibitor for VMATs, strongly blocked it in VMAT1-expressing cells (Fig. [4](#Fig4){ref-type="fig"}a; lanes 6 and 7). These results suggest that the uptake of FFN206 depends on the activity of ectopically expressed YFP-VMAT1 variants and also indicates the validity of our uptake assay for measuring VMAT1 activity. The result that uptake of the 136Ile variant was higher than that of the 136Thr variant (Fig. [4](#Fig4){ref-type="fig"}a; lanes 4 and 5) is also consistent with that of the previous studies \[[@CR44], [@CR46]\]. In terms of the functional activity, 130Glu and 136Ile were associated with higher levels of FFN206 uptake, whereas no significant differences were observed between the 136Thr and 136Asn variants, which may reflect the biochemically similar properties of threonine and asparagine \[[@CR50]\].

Given the evolutionary changes in amino acid sequence of *VMAT1* (Fig. [1](#Fig1){ref-type="fig"}a), those results indicate that the monoamine uptake by VMAT1 declined during the early phase of human evolution (i.e., from 130Glu/136Asn to 130Gly/136Thr) until the new variant 130Gly/136Ile emerged around the time of the OoA migration of modern humans \[[@CR29]\]. The recently emerged 130Gly/136Ile should have conferred the elevated level of monoamine uptake by VMAT1, possibly linked to anti-psychotic brain circuits \[[@CR38]\], and could have provided an evolutionary advantage to carriers against various environmental changes. Furthermore, our previous study indicated that 136Ile was under strong positive selective pressure in African populations where 136Ile is still at a low frequency \[[@CR29]\]. It is of interest that non-existent ancestral variants of VMAT1 are functionally equivalent to existing variants (Fig. [4](#Fig4){ref-type="fig"}a; 130Glu/136Asn and 130Glu/136Thr to 130Gly/136Ile, and 130Gly/136Asn to 130Gly/136Thr). Considering the functional consequences, carriers of ancestral variants might exist in modern human populations. However, 130Glu or 136Asn have not yet been found in any publicly available human genome database, presumably due to a lack of the mutations or genetic drift that has eliminated these mutations.

The present study demonstrated that the variation of amino acids at the 130th and 136th of VMAT1 affected the uptake of fluorescent neurotransmitter. The Thr136Ile variant has been shown to affect Vmax (the maximum transport rate of monoamines) but not Km (the affinity of monoamines to transporters) \[[@CR46]\]. Thus, the adjacent Glu130Gly variant could affect function in the same vein: amino acid changes could affect transport activity through a mechanism related not to binding but to dissociation with ligands \[[@CR51]\]. Genetic changes in *VMAT1* could thus affect the amount of monoamines contained in vesicles, which is in turn released from the nerve terminal, affecting downstream signaling. A recent study has shown that *VMAT1* knockout in mice lead to differential dopamine signaling \[[@CR52]\], and several other studies have revealed the association of the 136Thr with a variety of psychiatric phenotypes including alcohol dependence \[[@CR38], [@CR53]\], bipolar disorders \[[@CR34]\], autism \[[@CR39]\], anxiety \[[@CR37], [@CR38]\], maladaptive impulsivity, depressiveness, and neuroticism \[[@CR38]\]. A functional neuroimaging study has revealed that this variant has distinct influences on activity of the prefrontal cortex and amygdala \[[@CR44]\], both of which play crucial roles in emotional processing, that may underlie the socioemotional differences observed in the abovementioned studies.

The results presented here may support our hypothesis that evolutionary substitutions of two amino acids (from 130Glu/136Asn to 130Gly/136Thr) during early human evolution decreased monoamine uptake of VMAT1 and promoted increased levels of anxiety, depression, and neuroticism, given several lines of evidence for association of the 130Gly/136Thr variant with neuropsychiatric phenotypes. This is very likely in that we used to be exposed to high predation risks \[[@CR54]\] and/or competition with conspecifics \[[@CR55]\] in the ancestral environment, which possibly favors high levels of anxiety. Indeed, a simulation study suggested that risk sensitivity can evolve as an adaptive strategy in ancestral human populations \[[@CR56]\]. However, it is difficult to infer the physiological and behavioral consequences of evolutionary changes in the VMAT1 protein in complicated epistatic networks and how it fits the neurological evidence on the evolutionary changes in neurochemical profiles in the human lineage \[[@CR5], [@CR6], [@CR8]\]. To further conclude the phenotypic effects of the VMAT1 variants, it would be necessary to utilize animal models such as genome-edited mice and to observe the physiological or psychological phenotypes in addition to the transcriptional regulation of related genes.

Conclusions {#Sec4}
===========

Taken together, our finding suggests that monoamine uptake by VMAT1 initially declined in early human evolution (from 130Glu/136Asn to 130Gly/136Thr) but increased along with the emergence of the 130Gly/136Ile variant around the time of the OoA dispersal of modern humans. The evolution of VMAT1 may have had significant neurophysiological influences on the human brain, resulting in cognitive, emotional, and behavioral characteristics unique to our species. Further neurological and behavioral experiments using model animals are necessary to evaluate the functional changes caused by human-specific mutations in VMAT1.

Methods {#Sec5}
=======

Sequence alignment, ancestral inference, and protein structure prediction {#Sec6}
-------------------------------------------------------------------------

Phylogenetic analyses using 15 mammal species were carried out as previously described \[[@CR29]\]. The ancestral residues were inferred by codeml in PAML software \[[@CR57]\]. Homology modeling of human VMAT1 protein structure was performed using the SWISS-MODEL web server (<http://swissmodel.expasy.org>) \[[@CR58]\]. The MFS transporter of *Escherichia coli* (PDB: 3wdo), which has the highest identity to human VMAT1 of the available structure models \[[@CR59]\], was selected as the template (*E*-value: 7.6 × 10^− 37^; sequence similarity: 28.1%), and the QMEAN4 Z-score given by SWISS-MODEL was − 8.46. Visualization of the predicted 3D structure was performed by PyMOL 2.2 (DeLanoScientific, San Carlos, CA).

Reagents and antibodies {#Sec7}
-----------------------

FFN206 \[[@CR48]\] (Abcam, Cambridge, MA, USA) was used as a fluorescent ligand of VMAT1. Although there are no available FFNs that have been designed specifically targeting human VMAT1, FFN206 has been proven useful for quantifying human VMAT2 activity because of the physiological property that its K~m~ is equivalent to that of dopamine, and it competes for uptake of serotonin \[[@CR48]\]. It is generally known that VMAT1 and VMAT2 are almost functionally equivalent and share ligands \[[@CR45]\], which supports the potential functionality of FFN206 for VMAT1. The mouse polyclonal antibody against α-tubulin (1:700, Sigma-Aldrich, St Louis, MO, USA) and rabbit polyclonal antibodies against VMAT1 (1:1000, ab168347, Abcam) and GFP (1:4000, Thermo Fisher Scientific, Waltham, MA, USA) were used as primary antibodies. The anti-mouse IgG HRP-linked antibody (1:600, Cell Signaling Technology, Beverly, MA, USA) and anti-rabbit IgG HRP-linked whole antibody from donkey (1:1000, GE Healthcare Bio-Sciences, Japan) were used as secondary antibodies.

Plasmid construction and mutagenesis {#Sec8}
------------------------------------

The plasmid encoding YFP-VMAT1 was constructed by the following procedure. Artificially synthesized *VMAT1* cDNA (GENEWIZ, South Plainfield, NJ, USA) according to the coding sequence of NM_001135691.2 (475--2049) from NCBI was amplified by polymerase chain reaction with Tks Gflex DNA Polymerase (Takara Bio, Japan) and appropriate primers (see Additional file [7](#MOESM7){ref-type="media"}: Table S5) so that *Bgl*II and *EcoR*I sites were added on the edges of the sequence. The thermal cycling protocol was as follows: 94 °C for 1 min, followed by 30 cycles of 98 °C for 10 s, 65 °C for 15 s and 68 °C for 1 min. Amplified *VMAT1* cDNAs were digested with *Bgl*II and *EcoR*I (both from New England Biolabs Japan Inc., Japan), and *Bgl*II-*VMAT1*-*EcoR*I cDNAs were then ligated into pEYFP-C1 (Takara Bio) that had been digested with *Bgl*II and *EcoR*I.

Introduction of the point mutation in *VMAT1* was carried out using the QuickChange site-directed mutagenesis kit (Agilent, Santa Clara, CA, USA). The thermal cycling protocol was as follows: 95 °C for 30 s followed by 12 cycles of 95 °C for 30 s, 55 °C for 1 min, and 68 °C for 7 min. Mutated *VMAT1* plasmids were then treated with *Dpn*I and transformed into competent DH5α *E. coli* (TOYOBO, Japan). All plasmids that we constructed were cloned and fully sequenced by Sanger sequencing to confirm no undesired mutations. The primers used for the site-directed mutagenesis and the sequence confirmation are shown in (Additional file [7](#MOESM7){ref-type="media"}: Table S5).

Cell culture and transfection {#Sec9}
-----------------------------

HEK293T cells were purchased from ATCC (\#CRL-3216) and cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. Transfection with plasmids was carried out using the FuGENE 6 Transfection Reagent (Promega, Madison, WI, USA) according to the manufacturer's instructions.

Immunoblotting {#Sec10}
--------------

Immunoblotting was carried out to determine the approximate size of the analyzed proteins. HEK293T cells were transfected with plasmids encoding YFP, YFP-VMAT1, or its variants. Cells without transfection were also prepared as a negative control. Cells were washed two times in phosphate-buffered saline (PBS) and then lysed with 1× Laemmli lithium dodecyl sulfate sample buffer (Bio-Rad, Hercules, CA, USA) with 50 mM dithiothreitol for 30 min at 60 °C. Cell lysates were homogenized using QIAshredder (QIAGEN, Germany), centrifuged at 9100 g for 5 min at room temperature, and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) using 10--20% e-PAGEL (ATTO, Japan). Precision Plus protein standards (Bio-Rad) were used as a sizing ladder. Proteins separated on SDS-PAGE were transferred onto polyvinylidene difluoride membranes (ATTO). The membranes were blocked in 1× iBind Flex Solution (Thermo Fisher Scientific) at room temperature and probed with appropriate primary and secondary antibodies using an iBind Flex device (Thermo Fisher Scientific) for 3 h in total. Immunoreactive protein bands were visualized using EzWestLumi plus (ATTO).

Fluorometric assay of VMAT1 protein and its variants {#Sec11}
----------------------------------------------------

HEK293T cells were seeded on poly-L-lysine-coated 35 mm glass bottom dishes (Iwaki Glass, Japan) at a density of 1.5--2.0 × 10^5^ cells/dish and grown at 37 °C in 5% CO~2~. After 24 h, cells were transfected with 800 ng of each plasmid. Two days after transfection, the transfected HEK293T cells had reached 80--90% confluence. The uptake of VMAT1 substrate was carried out using FFN206 as follows. Briefly, cells were washed with PBS and then incubated in 1.0 ml of experimental media (Leibovitz's L-15 Medium, Thermo Fisher Scientific) containing FFN206 at a final concentration of 5 μM at 37 °C in 5% CO~2~ for 2 h. After incubation, the cells were washed with PBS and maintained in fresh experimental media. For pharmacological inhibition of VMAT1, the cells were treated with 4 μM reserpine (Wako, Japan) at 37 °C in 5% CO~2~ for 1 h before uptake, while other cells were treated with DMSO vehicle. The details of the methods above followed by the previous study that showed the functionality of FFN206 \[[@CR48]\]. Fluorescence images (for more than 100 cells per condition) were acquired using a DMI6000B fluorescence microscope (Leica, Germany) equipped with a PL Apo 63× oil-immersion objective lens (NA 1.3), a Chroma custom filter cube (ex = 500 ± 20 nm, em = 535 ± 30 nm for fluorescence of YFP and ex = 360 ± 40 nm, em = 470 ± 40 nm for fluorescence of FFN206), and a cooled charge-coupled device camera (Cool SNAP HQ; Roper Scientific, Netherlands) driven by LAS AF Imaging Software (Leica). All images were adjusted to the same contrast and brightness, and the mean fluorescence intensity in each cell area was measured using Fiji software (NIH, Bethesda, MD, USA). We measured the fluorescence intensity of YFP and FFN206 in more than 100 cells per condition, and their mean was used as the representative intensity of the given condition. Moreover, we quantified the intracellular density and size of vesicles expressing YFP-VMAT1 by tracking YFP fluorescence to evaluate the effects of variants on protein localization. The fluorescence intensity of FFN206 was corrected by that of YFP in each cell to account for the expression level of the given variant. The experiments were repeated five times independently. Statistical analyses were performed using R software.
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**Additional file 1: Figure S1.** (a) Full-length blots for Fig. [2](#Fig2){ref-type="fig"}. (b) Four additional experiments of immunoblotting for YFP-VMAT1 with anti-VMAT1 and anti-α-tubulin antibodies. (c) Relative expression levels of each variant of VMAT1 corrected by α-tubulin based on immunoblotting. No significant differences were observed among variants in either comparison (*P*-values calculated by one-way ANOVA: 0.99). **Additional file 2: Table S1.** Mean relative fluorescence intensity for FFN206 for each YFP-VMAT1 variant. The values were normalized to the mean value of the 130Gly/136Ile variant. **Additional file 3: Table S2.** Tukey's HSD correction for the difference of fluorescent intensity for FFN206 among YFP-VMAT1 variants. **Additional file 4: Table S3.** Mean relative fluorescence intensity for YFP for each YFP-VMAT1 variant. The values were normalized to the mean value of the 130Gly/136Ile variant. **Additional file 5: Table S4.** Tukey's HSD correction for the differences in fluorescence intensity for YFP among YFP-VMAT1 variants. **Additional file 6: Figure S2.** Mean relative (a) density and (b) size of vesicles expressing the YFP-VMAT1 variants. All values are shown as the fold change relative to that of the 130Gly/136Ile variant (without reserpine). No significant differences were observed among variants in either comparison (*P*-values calculated by one-way ANOVA: 0.39 and 0.54, respectively). **Additional file 7: Table S5.** Primers used in the present study.
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